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ABSTRACT

The intensity of turbulence and the Lagrangian correlation
coefficient for a gaseous rocket combustion chamber have been
determined from the experimental measurements of the tracer gas
diffusion. A combination of Taylor's turbulent diffusion theory
and Spalding's numerical methed for solving the conservation equa~
tions of fluid mechanics was used to calculate these quantities,
Taylor's theory was extended to consider the Inhomogeneity of the
turbulence field in the axial direction of the combustion chamber,
An exponential function was used to represent the Lapranglan cor-
relation coefficient.

The results indicate that the maximum value of the intensity
of turbulence is ahout 15% and the Lagrangian correlation coef-

ficient drops to about 0.12 in ome inch of the chamber length.
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SUMMAﬁY

The intensity of turbulence and the lagrangian correlation
coefficient in a gaseous rocket combustion chamber have been de-
termined experimentally using a small rocket engine operated at a
nominal chamber pressure of 150 psia. The experimental method
consisted of injecting a tracer gas at a point along the chamber
centerline while taking samples along z diameter at a downstream
station. Three sampling stations were investigated. Several in-
jecticn points were used for each of the sampling stations,

The gas samples were analyzed using a combination of weighing,
Orsat analyzer and gas chromatography to determine the tracer gas
concentration profiles. The turbulent parameters were then calcu-
lated from the tracer gas concentration data using a combination of
3.I. Taylor's turbulent diffusion theory and D.B. Spalding's numeri-
cal procedure for solving the consepvation equations of fluld mechanics.
Taylor's theory was extended to consider the inhomogeneity of the
turbulence field in the axial direction of the combustion chamber. The
Lagrangian correlation coefficient was represented by an exponential
function of the form e © where 1 is the difference of the dispersion
times of a fluid particle and o is a constant.

The results indicate that the values of the intensity of turbu-
lence vary from a maximum of approximately 15% near the injector to
4% at the nozzle entrance. The Lagrangian correlation coefficient

drops to 0.12 in one inch of the chamber length.



I. INTRODUCTION

Turbulent mixing is one of the most important physical processes
cceurring in a gaseous rocket combustion chamber. It influences the
combustion process and therefore the performance of the rocket engine.
In the theory of turbulent flow, the turbulent mixing of gases is quan-
titatively expressed in terms of the intemsity of turbulence and the
Lagrangian corvvelation coefficient. At present there are very little
data available regarding these quantities, and only two previous
attempts have been made to experimentally measure the intensity of
turbulence under the actual conditions of a rocket combustion chamber.

(1)

Hersch experimentally determined the intemnsity of turbulence
in a two-demensional hydrogen-ligquid oxygen rocket combustion chamber
from the measurements of the diffusion of a photographically visible
tracer material. Hersch made the assumption that the turbulence field
was homogeneous and the Lagrangian correlation coefficlent was unity.
The intensity of turbulence was calculated from the tracer diffusion
data using the equations developed by Bittker(z).

O'Hara et al.(a) investigated the intensity of turbulence in a
cylindrical liguid oxygen-heptane rocket engine. Thelr method con-
sisted of experimentally measuring the diffusion of the hellum tracer
gas. The intensity of turbulence and the Lagranglan correlation co-
efficient were calculated from the diffusion measurements using a

)

combination of Taylor‘s( turbulent diffusion theory and the Fick

diffusion equation. In the analysis, the turbulence field was assumed



to be isctropic threoughout the combustion chamber and homegenecus
only in the radial and circumferential directions, but not in the
axial direction. The Lagrangian correlation coefficient was assumed
to be an exponential function of the dispersion time.

The objective of the present work is to investigate the inten-
sity of turbulence and the Lagrangian correlation coefficient in a
gaseous oxXygen (GOX)—gaseous hydrogen (GH2) rocket combustion chamber.
These quantities were experimentally determined from tracer gas dif-
fusicn measurements similar to that used by C'Hara et al. A combination

of Taylor's turbulent diffusion thecry and Spalding‘s(s)

numerical pro-
cedure for sclving the conservation equations of fluid mechanics was

used to calculate the intensity of turbulence and the Lagrangian cor-

relation coefficient.



II. EXPERIMENT

(1) Rocket Engine

A small rocket engine using gaseous oxygen and gaseous hydrogen
operating at a nominal chamber pressure of 150 psia was used in the
experiment (see Figure 1). The propellents were injected in the form
of co-axial jets from seven ports on the injector. Helium was used as
the tracer gas and could be injected at various points along the center
line of the combustion chamber. A probe passing across the chamber
along a diameter was used to withdraw gas samples. This probe contain~
ing six sample ports could be moved laterally across the chamber or
rotated circumferentially about the chamber centerline. Further, the
sample probe could be placed at several longitudinal stations.

(2) Txperimental Procedure

An automatic timing device was used to fire the rocket engine and
take samples. About 1 1/2 seconds were required for the engine to
reach equilibrium. During this time the sample lines were vented to
the atmosphere. The helium tracer gas was injected during start-up so
that it would alsec veach an equilibrium condition., Samples were with-
drawn for about one second. The samples were collected in sample

bottles for later analysis.
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(b) Propellant Injector (¢) Typical Propellant
Plate Injector
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(3) Analyszis of Sample

A method combining weighing, abscrption and gas chromatography
was used to analyze each sample containing water (HQD), oxygen (02),
hydrogen (HQ) and helium (He).

More than 90% by weight of the sample was water which could
not be determined either by absorption or by gas chromarography.
Therefore the sample bottle was weighed before the analysis, and
again after the analysis was completed and the sample bottle was
evacuated by a vacuum pump, so that the total weight of the sample
could be determined.

Before the analysis was to begin, the sample bottle was charged
with argon (Ar)to a pressure of 20 psig at the room temperature. With
the pressure and temperature of the sample known, the weights of its
components could be easily determined later from the resuits of the
analysis.

The amcunt of oxygen and most of the hydrogen were measured by
selective abscrpticn using an Orsat analvzer. The absorption method
was used because it was well suited for analyzing these gases in
large concentrations. Also, oxygen and hydrogen tend to contaminate
the chromatographic column.

The remaining sample which contained argon, helium and a small
amount of hydrogen was analyzed using gas chromatography to determine
the concentration of helium and hydrogen in a manner similar to that
given by Villalobos and Nuss(e). A Linde 5A molecular sieve column

was used with argon as the carrier gas.



(4) Experimental Data

GCas samples were taken from three longitudinal stafigns along
the combustion chamber. For each of these stations a serieé of helium
injection points along the chamber centerline were investigated.
Further, two civcumferential angles of the sample probe with re-
spect to the outer propellant injectors were used.

Three of the many helium concentration profiles are shown in
Figure 2. The experimental data are scattered. The scattering is
believed due *o an instability of the flow in the combustion chamber.
Many researchers(7) of turbulence have shown that the distribution
of the helium concentration downstream from a point source in a
turbulent flow is Gassian. Therefore the experimental data were
assumed to cbey the BGausian distribution:

_PQ/

m,. = m 2 r2 (1)

He = "He,0 ©

wherernﬂeso is the helium concentration at r = 0, and r2 iz the mean
square dispersicn radius. The method of least squares was used to
obtain the best fit of the experimental data to Equation 1. The
curves in Fipgure 2 show the results of the curve fitting.

It is noted in Figures 2fal and 2[b] that the values of ;ﬁ-com—
pave closely with each other. This shows that the helium concentration
does not vary significantly with the circumferential angles of the

sample probe and the assumption of the circumferential homogeneity

of turbuience in the combustion chamber is satisfactory.
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The values of PQ as a function of the distance between the helium
injection point and the sampling station are plotted in Figure 2 for
the three sampling stations investigated. These results were used to
determine the iIntensity of turbulence and Lagrangian correlation co-

efficient.
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ITI. ANALYSIS OF THE EXPERIMENTAL RESULTS

(1) Equations of the Turbulent Diffusion

In analyzing the turbulent diffusion in a flow field, G.I. Taylor
used the Lagrangian apprcoach by considering the path of a marked fluid
particle during its motion through the flow field, and developed an
equation relating the displacement of the particle to the turbulent
velority. This formulation was based on the assumption that the turbu-
lence was isotropic and homocgenecus throughout the flow field.

PFor the present work, Taylor's turbulent diffusion theory was em-
ployed to analyze the turbulent diffusion in the combustion chamber.
However, the original assumption was extended to consider that the tur-
bulence field was inhomogenecus in the axial dirvection. Based on this
assumption, the equation for the mean square dispersion radius, ;5; in
the cylindrical cocrdinates can be written as

t t?

— o

r = 4 dt’ RL (T) /;;2 (+7) /;TQ (") 4t (2}
0 0 ' | '

where t' and t" are two dispersion times of the same fluid particle
and T = t"-t'.
The Lagrangian correlaticn coefficient, RLft), in EBquation 2 is

defined as

R (1) = —Y{e)vl (€7 (3)
vfz (t')\/‘\?'z (t")

In order to solve Equation 2, it is necessary that the Lagrangian

14



correlation coefficient should ‘be represented by a suitable function.

(7)

Measurements of turbunlent flows by many researchers have sghown

that the Lagrangian correlation coefficient can be roughly represented

by an exponential function. Im particular, Taylor also used an expon-
ential function in his formulation. Tor the present work, the Lagrangian

correlation coefficient was approximated by the form:

ot

RLGt) = e (u)

where o is a constant.

The variables ;5; Ry andJﬁzfg in Equatﬁon Z are functions of the
dispersion time. Since the flowvin the combustion chamber is considered
to be steady, the dispersion time t required for a fluid particle to
travel an axial distance from the point of release, Zos to any point of
interest, z, is related to the axial coordinate by the expression:

t = jz _dz _
T(z) (5)

21

where u is the mean axial flow velocity. Therefere these variables are
also é function of =z.

The mean axial flow velocity was not measured in the experiment, but
was determined by an analytical method.

{2) Analytical Determination of the Mean Axial Flow Velocity

Since there are seven co-axial propellant injection elements in the
combustion chamber, the flow field is three-dimensional. Mathematically
it would be very difficult to solve such a three-dimensional problem. To

simplify the problem, the turbulent mixing of one chemically reacting,

15



co-axial jet is considered. This co-axial jet is assumed to be sur-
rounded by an imaginary, cylindrical enclosure whose cross-sectional
area is 1/7 of that of the actual combustion chamber. Thus the problem
becomes an axisymmetric one.

To solve this problem the numerical procedure for solving the con-
servation equations develcped by D.B. Spalding et al.(S} was used. The
uniqueness of Spalding's approach lies in the transformation of the
conservation equations into a standard form which is @ nonlinear partial
differential equation of the elliptic type. This standard equation is
then solved by a finite difference procedure, using the Gauss-Seidel
iterative technique.

As presented in Reference 5, the standard equaticn in the cylin-

drical coordinates takes the form

2 {523 - b |- 2 flcen)

(7)
- %; {bg—r-(cw} +d=

where ¢ is the particular dependent variable, and a, b, ¢ and d are
coefficients which depend on geometric variables, material properties
and other dependent variables.

The important considerations inberent to the computational results
are the modeling of turbulent viscosity and combustion. TFTor the flow

in a clyindrical chamber, spalding suggests that the effective viscosity,

16



Mopp> My be expressead in the form

< Jea®/® /8 28 2 213 (8)

M e Vg 0 Vo

eff
A value of k equal to 0.012 was found suitable For the present work.
The validity of this viscosity model was checked by comparing the ex-
perimental and calculated tracer gas concentration data. A method for
calculating the tracer gas concentration will be discussed later.

In modeling the combustion, the combustion process is assumed to
follow the simple chemical reaction

2H2 + 02 > QHQO

The reaction rate is assumed to be infinite, i.e., as socon as fuel and
oxidizer come into contact, they react instantanecusly at the stoichio-
matic mixture ratio.

The numerical solution of the governing equationg for predicting
the flow field of the single co-axial jet in the imaginary enclosure
was cobtained in terms of the vorticity w, a stream function ¥, and the
mixture fraction f. A computer program for calculating these variables
is presented in Reference 5. From the mixture fraction the distribution

of the density p was computed. The mean axial flow velocity was obtained

from the definition of the stream Function by using the approximation

9
- 1A (9)

-7
ave® AT

where Pave 18 the arithmetic average of the density across the radius

of the enclosure at an axial pesition, AY is the difference between

the value of the stream function at the enclosure and that at the axis

of symmetry, and Ar is equal to the radius of the enclosure.

17
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The mean axial flow velocity as a function of the axial chamber dis-
tance is pletted in Figure 4.

(3) Determination of the Turbulent Parameters

From the experimental results of the mean square dispersion radii,
Equation 2 can now be solved for the root mean square (rms) turbulent
velocity using a numerical method. The calculation procedure is as the
following.

With the mean square dispersion radius as a known variable and
assuming a value for o in the expression for the Lagrangian correlation
coefficient, a first approximation of the rms turbulent velocity as a
function of the z coordinate was caleculated from Equation 2. Then
the calculation procedure for the equation was reversed. Considering
the rms turbulent velocity as a known variable and using the same value

. z
for a as before, the equation was solved for r". The calculated and
experimental values of rg were compared. This calculation procedure was
repeated by adjusting the values of the rms turbulent velocity until
a best possible agreement between the calculafted and experimental values
— .

of r" was achieved.

The above calculations were repeated for a range of values for o

{z = 100 sec hl, upoo sec ”l, 10000 sec -1 and 20000 sec hl).

The comparison of the calculated and experimental values of r2 is

shown in Figure 5. The resulting rms turbulent velocities for different

values of o are shown in Figure 6.

19



from the results shown in Figure 5, it can be seen that the curves
Ffor o = 10000 sec -1 appear to give the best fit for the experimental

data, and the curves for a = 100 sec - do not appear to fit the experi-

H

mental data. Therefore, a = 10,000 sec -1 is the best choice for the
constant in the expomential expression for the Lagrangian correlation
coefficient. The rms turbulent velocity for the combustion chamber is
represented in Tigure 6 by the curve with a = 10000 sec _l.

Although o = 10000 sec “1 .C the best choice for the constant in
the exponential expression for the Lagrangian correlation coefficient,
+he curves in Figure 5 show that good agreement between the calculated
and experimental values of ;E.also exists for large values of a, namely
o = 4000 sec ~© and o = 20000 sec "l Consequently the rms turbulent
velocities with a = 4000 sec -1 and a = 20000 sec -1 shown in Figure 6
may also be those for the combustion chamber. In other words, the
choice of the rms turbulent velocity depends upon the choice of the
value for o, as long as a is large. This can be explained by approxi-

mating the integration in Equation 2.

With a change of the integration variable, Equation 2 can be written

5 [ == a T
== 2 -
r 4 v'T(t')y de! et v'z(t' - 1) dt (10)

o o

as

. . -aT . .
Since o is large, e @ approaches zero very rapidly at T increases,

sovftggf_“_—' can be approximated by [— in the integration.
v (e'-T) vt

Thus the equation becomes
- t

? . M) ' ' -at
r T U o v {(t') dat g © arrt
L o= '
:L}JOV/Q (t')[i—}_e DH:]dt'
o o

20



The second term in the bracket is much smaller than the first and can

be neglected, The resulting equation is
t

2 ~
r =

——

4 2
= v'T o(e")de!

aQ

‘

Changing the integration variable from t to z, and taking u to be com-

stant for therrange of integration (see Figure 4), the result is

Z

r2 = __4. V'I?- (Z) dz (ll)

ou Jz
I

. X 2 42,
From this equation, it is clear that, for a fixed value of r, v' ¢ in-

creases as ¢ increases as long as a is large.
For an isotropic turbulence field, the intensity of turbulence is

defined as

—_ (12)

=t

The intensities of turbulence for the three large values of o wWere
calculated. They are shown in Figure 7. The results indicate that,
for & = 10000 sec _l, the intensity of turbulence reaches a maximum
value of about 15% near the propellant injector, and decreases to about
4% near the nozzle.

In addition to the results of the present work, the results of the
intensity of turbulence obtained by OFHara et al. (Reference 3} for
their ligquid rocket coﬁbustion chamber are also plotted in Figure 7.
The comparison of thaese™wesults shows that the intensity of turbulence
for the liquid rocket combustion chamber is higher than that for the
gaseous rocket combustion chamber. Tt is noted that, besides the
differences in the propellants and the types of Injectors used, the

two rocket combustion chambers are similar.

21
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IV, ANALYTICAL DETERMINATION GF THE HELIUM CONCENTRATION

(1) Preliminary Remarks

The distribution of the helium concentration in the combustion chamber
was also calculated analytically, in addition to that measured in the
experiment. The purpose of this calculation is tc check the validity
of the effective viscosity formula (Equation 8).

In the thecry of turbulent flow (see Reference 7), it has been
shown that the mean square dispersion radius is related to the effective
diffusion coefficient by the expression
r2

Deff N (13)

=
o o
&

In turn, the effective diffusion coefficient is related to the effec-
tive viscosity through the Schmidt number which is defined as

- Perr (14)
S¢= 55
eff

For the gas mixture dealt with in the present work, the Schmidt number
is approximately equal te unity. Therefore, if, at the same helium in-
jection point and sampling statien, the mean square dispersion radius
obtained from the experiment agrees with that obtained from the calcu-
lation, then the effective viscosity formula will he valid for the flow
field.

(2) Governing Eguations

For determining the helium concentration, the equation of the con-~
servation of helium is needed, in addition to the three equatiens for

determining the flow field as discussed in Part 2 of Section IIT.
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Since helium is an inert gas, the source term in the equation of
conservation of helium is zero. Let rnHe denote the helium concentration.

Then the equation of the conservation of helium can be written as

By 3 9 3 3" He
) (g, Yy - )

2 ¢ (oD
2z ““He or or bz P He,eff Y (15)

9 3 He
ar (pDHe,eff r ar ) =0

If the Schmidt number is assumed to be unity, then pDHe,eff = Megg .

Thus Equation 15 becomes

amHe
“52"9 (16)

2 By _ 8 oYy _ 8
3z (mHe ) or (mﬂe Bz) oz (ueff *

or
By oy OBe
ar eff ar

) =0

It is noted that this equation is in the standard form (Equation 7).
(3) Boumdary Conditions

For determining the helium concentration, it is necessary to con-
sider the flow field in the combustion chamber with seven propellent
injector elements. This fiow field may be approximated using the results
obtained for predicting the flow field of one injector element as dis-
cussed in the preceding section. The method of approximatiocn will be
discussed later.

Since the equation of the conservation of helium is of the elliptic
type, boundary conditions are to be specified at every point of the closed
boundary surrounding the field of interest. Figure 8 shows the boundary

conditions.

28



6T

A
- ;
{ amHe = i
GH, L el 57 %
2z ﬂ
GOX
mw-:.:_- R E
oh, Z2ZZB l
7777 j 22
y |
m
,fg He = O ! Exhaust
ﬁbz
/ l
GH e ) ) §
—_— Helium Injector i
cox_ 4, e { 0Me = 0 i
i’ i - £ - ;édr & oo W\L&u(
Z

Figure 8 The Boundary Conditions For
Determining The Helium Con-

centration

JVd L VNIDID

q°Cd S &
dHL d0 ALINISIONAOAIay



At the exhaust end there should be no change In the helium con-

centration., The boundary condition at the exhaust end is dMye
2z

=0

Along the axis of symmetry or a wall, there should be no helium

crossing these boundaries. Therefore the boundary conditions are

2 Tye -0 for a vertical boundary (z = constant), andanﬂka: 0 for a
Az _ g

herizontal boundary (r = constant).

To compute the helium concentration at the helium injection outlet,
it is assumed that the pressure, temperature and velocity of helium are
the same as those of the flow field at that location. Thus the helium
flow rate M, is given by

He

mHe = pHe AI Vz + (-1-7)
With the helium density known from this equation, the helium concentra-
tion at the helium injector outlet is calculated by

_ R
Mye = —%‘i (18)
o QHe

whare p is the density of the flow field.

{(4) Caleculation Procedure and Results

Spal&ing’s numerical method was used to solve the g%verning equa-
tions. A computer brqgram baséd on’this numerical methdd was developed.
The details of this computer prograﬁ were ppeéented in Reference 8,

As discussed égrliér in this Section, t%ere,were four differential
equations to be solved. However, three of these equations were con-
cerned with the flow field and were solved for determining the mean
axial flow velocity. Therefore, it was only necessary to use the flow

field data available to solve the equation of the congervation of helium,
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This was possible, because it was assumed that the small amount of
helium flow does not significantly alter the existing flow field.

There were two cases of the helium concentration calculated:

(a) The helium concentration for sampling on the outer propellant
injectors (@ = 105° in Figure 1); and (b} The helium concentration
for sampling between the outer propellanf injectors {0 = 135°). In
approximating the flow field in the combustion chamber for the case
of sampling on the outer injectors, the flow field data cf the outer
injectors were duplications of those of the center injector. But,
for the case of sampling between the outer injectors, the flow flield
values in the regions between the two outer injectors were assumed

" to be constant and were set equal to the values on the enclosure of
the center injector.

The comparison of the experimental and calculated hellum con-
traction profiles is shown in Figure 9. The curves and data points
in this figure were normalized, i.e;, each value of the helium con-
centration was divided by the value of the helium concentration at
r = 0. The normalization was necessary because the magnitude of the
helium concentration obtained from the experiment was different from
that obtained from the calculation at a corresponding location.
Further, in comparing the results, only the shapes of the helium con-
centration profiles are important.

As can be seen In Figure 9, the shapes of the helium concentration
profiles obtained from the experiment and those from the calculations
are in good agreement. This indicates that the effective viscosity formula

(Equation 8) with k = 0.012 is satisfactory for the present work.

31



Helium Concentraticn

0.

.5

.0

5

Pura wems

Normalized
Analytical Curve

Normalized
Experimental Curve

Experimental Data
Reduced to Scale
of Experimental Curve

[+)
2y = 3.41 in (8.66 cm)
1
2o = 8,53 in {(21.67 cm)
B = 105°
L]
o]

(~2.54)

Figure 9a,

-0.5

(-1.27)

r -~ in (cm)

Comparison of Calculated and
Experimental Helium Concentration

Profiles

32



Helium Concentration

Normalized
Analytical Curve

o pp—

Normalized
Experimental
Curve

o Experimental Data
Reduced to Scale
of Experimental

Curve
REPRODUCIBILITY OF THE
s b ORIGINA’., PAGE IS POUR
2, = 3.41 in (8.66 cm)
o ! zg = 8.53 in (21.67 cm)
[ o] B = 135°
o
©

Q
-1.0 ~0.5 0 0.5 - 1.0
(~2.54) (-1.27) (1.27) (2.54)

r - in (em)
‘Pigure 9L, Compariscn of Calculated and

Experimental Helium Concentration
Profiles

33



Helium Ccncentration

1.5

Normalized
Analytical Curve

e e s n

Normalized
Experimental Curve

G Experimental Data
Reduced to Scale
of Experimental Curve

-

Zp = 3.41 in (8.66 cm)

2o = 11.54 in (29.31 cm)

8 = 105°
o
o
.
|

0.5 1.0
(-2.54) (-1.27) (1.27) (2,54)

r -~ in (cm)
Figure 9¢, Comparison of Calculated and
Experimental Helium Concentration

Profiles

34



Helium Concentration

Normalized
Analytical Curve

Normalized
Experimental Curve
o Experimental Data
Normalized to Scale
of Experimental Curve
1.5 b ©
E z, = 3.41 in (8.66 cm)
zg = 14.3 In (36.32 cm)
- [»]
o & = 135
1.0
0.5
0 (4] i £ 3
-1.0 ~0.5 0] 0.5 1.0
(-2.54) (-1.27) (1.27) (2.54)
r - in (cm)
Figure 94, Comparison of Calculated and

Experimental Helium Concentration
Profiles

35



can

V. CONCLUSION

From the results of the present work, the following conclusions

bhe drawn:

(1) For the present rocket combustion chamber, it is satisfactory
+o assume that the turbulence field is circumferentially homogeneous.
(2) The turbulent diffusion process in the rocket combusticn chamber
can be adequately modeled by the one-dimensional Taylor theory.

(3) The values of the intensity of turbulence vary from a maximum
of approximately 15% near the injector to approximately #% at the
nozzle entrance. The Lagrangian correlation coefficient can be
represented by the expression e -oT with o = 10000 sec ‘l.

(4) For the turbulent flow in the present rocket combustion chamber,

Taylor's turbulent diffusion equation can be reduced to the simple

Form

2 _ 4 7
s g v'? (2)dz
au Z

(5) The intensity of turbulence for the liquid rocket combustion
chamber is hipgher then that for the gaseous rocket combustion chamber.
The value of the constant a is 4000 sec L for the liquid rocket com-
bustion chamber and 10000 sec -1 for the gasecus rocket cembustion
chamber.

(6) The effective viscosity of the flow in the combustion chamber

is satisfactorily modeled by the formula:

N S VI TE

2, 1/2

N B
ueff 1 (mF VF + Ty \0)

with k = 9.012,
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